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OBJECTIVES This study was designed to elucidate the influence of cardiac sympathetic denervation on the
sympathoexcitatory response to acute myocardial ischemia during balloon coronary occlusion
(BCO) in humans.
BACKGROUND Alterations of cardiac sympathetic nerve function could modulate sympathetic reflexes
originating from the ischemic area.
METHODS In 23 patients with angina pectoris, we quantified the baseline cardiac sympathetic
denervation of the ischemia-related area by iodine-123 metaiodobenzylguanidine (123I-
MIBG), and transient changes in sympathetic activity during BCO by wavelet analysis of RR
interval variability.
RESULTS Balloon coronary occlusion resulted in a transient augmentation of low-frequency (LF: 0.04
to 0.14 Hz) spectral components of RR interval variability in 4 of 12 patients with cardiac
denervation and in 8 of 11 patients without denervation (p  0.01 by the chi-square test).
Consequently, the increase in LF components was significantly less during BCO in patients
with cardiac denervation (34%) than in those without denervation (273%) (interaction: p 
0.05). In seven patients with severe ischemia provoked by a fall of10% in the left ventricular
ejection fraction, LF components increased by 506% during BCO, regardless of the condition
of cardiac denervation. In contrast, in patients with mild ischemia provoked by a fall of10%
in the ejection fraction, changes of LF components during BCO were significantly less in
patients with denervation than in those without denervation (84 vs. 344%, p  0.05).
CONCLUSIONS These findings suggest that if the provoked ischemia is not severe, cardiac sympathetic
denervation could prevent ischemia-induced sympathoexcitation. (J Am Coll Cardiol 2002;
39:436–42) © 2002 by the American College of Cardiology
Cardiac sympathetic afferent fibers, which travel parallel to
the coronary artery on the cardiac surface, are activated by
experimental myocardial ischemia, resulting in sympatho-
excitatory responses (1–3). These reflexes have been shown
to elucidate ventricular tachyarrhythmia during myocardial
ischemia in experimental settings (4). This ischemia-
induced sympathoexcitation was also documented in hu-
mans (5,6). Using wavelet analysis, we previously examined
dynamic alterations in hemodynamic variability during short
periods of balloon coronary angioplasty and found that the
transient augmentation of low-frequency (LF) components
of RR interval variability was not uniform among the
patients studied (7). The mechanisms for this heterogeneity
could involve not only the severity of myocardial ischemia
but also the denervation of sympathetic nerve by myocardial
infarction (MI) or repetitive ischemic insults (8,9). Exper-
imentally, phenol application on the myocardium or brief
myocardial ischemia resulted in cardiac sympathetic dener-
vation and attenuated the sympathoexcitatory response to
myocardial ischemia (10,11). However, the relationship
between cardiac sympathetic denervation and the sympa-
thoexcitatory response to myocardial ischemia has not been
examined in clinical settings.
Therefore, the purpose of the present study was to
elucidate the role of cardiac sympathetic denervation in the
sympathoexcitatory response to acute myocardial ischemia
during balloon coronary occlusion (BCO). In the present
human study, we used iodine-123 metaiodobenzylguanidine
(123I-MIBG) to detect regional sympathetic denervation of
the heart and wavelet analysis of RR interval variability to
assess dynamic autonomic responses to transient myocardial
ischemia.
METHODS
Patient group. The study group consisted of 23 patients
(17 men and 6 women; mean age 63 9 years). All patients
had effort angina and an electrocardiographically positive,
symptomatic exercise stress test. Eleven patients showed
electrocardiographic (ECG) evidence of a previous MI but
had relatively preserved cardiac function (left ventricular
ejection fraction [LVEF] 56  13%). Elective coronary
angioplasty was performed at 23 target lesions (11 in the left
anterior descending coronary artery [LAD], 5 in the left
circumflex coronary artery [LCx] and 7 in the right coronary
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artery [RCA]). All patients provided written, informed
consent, and the protocol was approved by our institute’s
Committee on Clinical Investigation. All procedures were
successfully performed, and no complications were encoun-
tered.
123I-MIBG imaging. To quantify cardiac sympathetic de-
nervation, 123I-MIBG scintigraphy (111 to 148 MBq) was
performed in all patients (12,13) within one week before
percutaneous coronary angioplasty. Images were obtained
4 h after administration of 123I-MIBG. Computed tomo-
graphic polar maps were divided into 24 segments and
normalized by the segment with the highest isotope counts.
Cardiac sympathetic denervation was determined to be
present when the 123I-MIBG minimal counts in the area of
the target coronary artery were 52.2%, which is a mean
value 2 SD determined in 14 normal subjects (8 men and
6 women; mean age 52  17 years). Twelve patients
demonstrated regional cardiac denervation on the 123I-
MIBG scan, where the minimal counts ranged from 50% to
19% (35 11%). In the remaining 11 patients, the minimal
counts ranged from 77% to 53% (64  8%). Because
detection of cardiac sympathetic denervation crucially de-
pends on the maximal MIBG counts of the reference
region, we excluded patients with three-vessel disease,
diabetes or other neurologic diseases that influence the
sympathetic innervation of the intact myocardium.
Data acquisition during coronary angioplasty. A 6F con-
ductance catheter (Sentron, Roden, The Netherlands), to-
gether with a 2F micromanometer-tipped catheter (Millar
Instruments, Houston, Texas), was inserted from the left
femoral artery and placed along the long axis of the left
ventricle (LV) to the apex (7,14). The volume catheter was
connected to a Sigma-5/DF signal conditioner processor
(Leycom Cardiodynamics Inc., Zoetermeer, The Nether-
lands), which used a dual excitation algorithm. Segmental
volumes were summed to yield total conductance, which
was calibrated by the actual volume derived from the left
ventriculogram. Coronary angioplasty was performed
through the right femoral sheath, whereas the ECG and LV
pressure and volume were serially recorded on digital tape
(RD-130TE, TEAC Corp., Tokyo, Japan) for later analy-
ses. Patients were advised to breathe regularly and refrain
from talking during BCO.
Data analysis. We excluded the ECG and LV pressure–
volume data obtained during the first balloon inflation from
the present analysis, because myocardial ischemia had al-
ready been provoked by the first positioning of the balloon
catheter through the target lesion (15). The ECG, micro-
manometer pressure and conductance catheter volume were
played back from the digital tape and digitized at 1,000 Hz
per channel by an analog-to-digital converter (DT31-EZ,
Data Translation Inc., Marlboro, Massachusetts) and stored
on a hard disk memory system using a computer (Optiplex-
GXMT, Dell Computer Corp., Round Rock, Texas). He-
modynamic variables derived from digital pressure and
volume data were analyzed with software developed in our
laboratory, as reported previously (7,14,16). The beat-to-
beat RR interval was interpolated at 2 Hz to ensure
equidistant sampling in each time series (17). The very-low-
frequency nonstationarity (0.01 Hz) and baseline trends
were removed using a moving average function, which did
not affect the higher frequencies. The beat-to-beat spectral
estimation analysis was based on the discrete wavelet trans-
form using Gabor basis wavelet (18) and 256-event data.
The frequency contents were then classified as high-
frequency (HF: 0.15 to 0.5 Hz) and LF (0.04 to 0.14 Hz)
components. As in the previous study, augmentation of
power spectra was defined to be present if the peak power of
fluctuation exceeded a mean value 2 SD of the baseline
power (7).
Statistical analysis. Data are expressed as the mean value
 SD. Comparisons between the two groups were per-
formed by using the unpaired t test or chi-square test.
Two-way repeated measures analysis of variance was used to
compare the responses to BCO between the two groups.
Multiple comparisons were performed by using the
Student-Newman-Keuls method. Analyses were performed
using statistical software (SigmaStat, version 2.03, SPSS
Inc., Chicago, Illinois). The level of statistical significance
was set at p  0.05.
RESULTS
The patients with cardiac denervation (mean age 62  10
years) had target lesions that were in the LAD in 8 patients,
LCx in 1 and RCA in 3. The patients without cardiac
denervation (mean age 63  7 years) had target lesions in
the LAD in 3 patients, LCx in 4 and RCA in 4. No
significant differences in age or the distribution of coronary
target lesions were found between the two groups. Previous
MI was documented in 1 of 11 patients without denervation
and in 10 of 12 patients with denervation (p  0.01 by the
chi-square test). The average number of denervated seg-
ments was 6.2  3.6 (26% of the LV) in patients with
denervation. There were no differences in the baseline
hemodynamic variables between the 12 patients with de-
nervation and the 11 patients without denervation (Table
Abbreviations and Acronyms
dP/dt  peak rate of rise in left ventricular pressure
dP/dt  peak rate of fall in left ventricular pressure
BCO  balloon coronary occlusion
ECG  electrocardiogram or electrocardiographic
HF  high frequency
LAD  left anterior descending coronary artery
LCx  left circumflex coronary artery
LF  low frequency
LV  left ventricle or ventricular
LVEF  left ventricular ejection fraction
MI  myocardial infarction
123I-MIBG  iodine-123 metaiodobenzylguanidine
RCA  right coronary artery
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1). The LVEF tended to be higher in patients without
denervation than in those with denervation, but the differ-
ence did not reach statistical significance. In patients with-
out denervation, coronary occlusion increased LV end-
diastolic and end-systolic volumes by 9% (p  0.05) and
35% (p 0.05), respectively, resulting in a decline in LVEF
by 9% (p  0.05). The peak rate of rise in LV pressure
(dP/dt) and peak rate of fall in LV pressure (dP/dt) fell
by 10% (p  0.05) and 12% (p  0.05), respectively, with
an increase in LV end-diastolic pressure (51%, p 0.05). In
patients with cardiac denervation, however, these detrimen-
tal effects of coronary occlusion were less than those in
patients without denervation. Although LV end-systolic
volume and LV minimal pressure were significantly in-
creased during coronary occlusion, peak dP/dt, peak
dP/dt and LV end-diastolic volume did not appreciably
change in patients with cardiac denervation. Furthermore,
the increase in LV end-diastolic pressure was significantly
less in patients with denervation than in those without
denervation (interaction: p  0.05).
Figure 1 illustrates the polar map of 123I-MIBG and the
three-dimensional diagram of wavelet analysis in two rep-
resentative patients with severe ischemia provoked by a fall
of 10% in LVEF. The LF components began to rise at
60 s and reached a peak at 100 s after balloon inflation.
Augmentation of the LF components was found in both
patients with cardiac denervation and those without cardiac
denervation. Figure 2 shows the polar map of 123I-MIBG
and the three-dimensional diagram of wavelet analysis in
two representative patients with mild ischemia provoked by
a fall of 10% in LVEF. Augmentation of the LF compo-
nents was observed only in the patient without cardiac
denervation, but not in the patient with denervation.
Baseline LF and HF components of RR interval variabil-
ity were comparable between the two groups (Table 2).
During coronary occlusion, the LF components were aug-
mented in 8 (73%) of 11 patients without denervation and
in only 4 (33%) of 12 patients with denervation. The
prevalence of augmentation of LF components was signif-
icantly different between the two groups (p 0.05), and the
average increase in LF components was significantly greater
in patients without denervation than in patients with
denervation (interaction: p  0.05). The HF components
did not change appreciably in either group during BCO.
Consequently, the ratio of LF to HF components increased
significantly in patients without denervation (p  0.05),
although it remained unchanged in patients with denerva-
tion. However, these changes did not reach statistical
significance between the two groups.
To examine the influence of the severity of ischemia and
cardiac denervation on the autonomic nervous responses to
myocardial ischemia, patients were classified into two
groups. In seven patients, severe ischemia was provoked
during BCO, as evidenced by a fall of 10% in LVEF. In
the remaining 16 patients, the provoked ischemia was
considered to be mild because LVEF fell by 10%. The
seven patients who had severe ischemia during BCO
showed an increase of 506  366% (p  0.05) in the LF
components, regardless of the condition of cardiac sympa-
thetic innervation (Fig. 3). In contrast, the patients with
mild ischemia during BCO had variable responses, depend-
ing on the condition of sympathetic innervation. That is,
the increase in LF components was smaller in patients with
cardiac denervation than in those without denervation
(84 72% vs. 344 317%, p 0.05), and cardiac function
was similarly depressed.
DISCUSSION
In the present study, we quantified the baseline sympathetic
innervation by 123I-MIBG scintigraphy, and the transient,
autonomic changes during balloon coronary angioplasty by
time-varying spectral analysis of RR interval variability. The
major findings are as follows: 1) patients with cardiac
denervation showed less increase in LF components during
BCO, compared with those without denervation; 2) in
patients with severe myocardial ischemia that was provoked,
the LF components of RR interval variability were in-
creased, independent of cardiac sympathetic denervation;
and 3) in patients with mild ischemia that was provoked, the
Table 1. Effects of BCO on Left Ventricular Function
Denervation () Denervation ()
Baseline BCO Change (%) Baseline BCO Change (%)
HR (beats/min) 69  17 68  19 2  7 71  14 72  14 1  5
LVSP (mm Hg) 128  22 127  23 2  5 118  16 120  16 1  3
LVEDP (mm Hg) 12  5 19  7* 56  51 12  5 14  5† 39  68‡
LVMP (mm Hg) 5  4 8  4* 348  574 5  3 7  4† 28  66
dP/dt (mm Hg/s) 1,547  496 1,398  394* 8  10 1,626  447 1,580  401 2  7
dP/dt (mm Hg/s) 1,330  293 1,168  190* 11  12 1,278  371 1,223  314 3  8
EDVI (ml/m2) 71  19 77  22* 9  10 75  23 76  15 8  16
ESVI (ml/m2) 24  6 33  8* 36  20 31  8 38  13† 29  27
LVEF (%) 65  6 56  7* 13  8 58  12 50  10† 11  9
*p  0.05 vs. denervation () at baseline. †p  0.05 vs. denervation () at baseline. ‡p  0.05 for interaction in two-way analysis of variance. Data are presented as the mean
value  SD.
dP/dt  peak rate of rise in left ventricular pressure; dP/dt  peak rate of fall in left ventricular pressure; BCO  balloon coronary occlusion; EDVI  end-diastolic
volume index; ESVI  end-systolic volume index; HR  heart rate; LVEDP  left ventricular end-diastolic pressure; LVEF  left ventricular ejection fraction; LVMP  left
ventricular minimal pressure; LVSP  left ventricular systolic pressure.
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changes in LF components depended on sympathetic in-
nervation, however. The increase in LF components was
significantly less in patients with cardiac denervation than in
those without denervation. These findings suggest that
cardiac sympathetic denervation could attenuate the sympa-
thoexcitatory response to myocardial ischemia, if the myo-
cardial ischemia provoked is not too severe. These findings
may have implications for the life-threatening arrhythmias
that often accompany acute myocardial ischemia.
Effects of cardiac denervation on sympathoexcitation.
The extent of cardiac innervation is assumed to play a
crucial role in the sympathetic responses to mechanical and
chemical stimuli produced during myocardial ischemia.
However, no clinical studies have examined the relationship
between cardiac neural innervation and the autonomic
response to transient myocardial ischemia. This is partly
related to a lack of an appropriate method to detect transient
and dynamic changes in autonomic function during myo-
cardial ischemia in humans. In this regard, the wavelet
analysis employed in the present study allows a valid and
serial evaluation of transient changes in spectral compo-
nents. We have previously reported the higher sensitivity of
wavelet analysis in detecting spectral changes during BCO,
as compared with the traditional spectral analysis (7). In the
present study, wavelet analysis clearly demonstrated a pre-
dominant influence of myocardial ischemia on augmenta-
tion of LF components in patients with severe ischemia
provoked, as well as a significant role of cardiac sympathetic
innervation in the genesis of augmentation of LF compo-
nents in those with mild ischemia provoked. Acute myo-
cardial ischemia activates cardiac sympathetic afferent fibers
and could elicit a sympatho-sympathetic reflex, with result-
ant augmentation of myocardial oxygen consumption (19),
leading to a vicious cycle of exaggerating myocardial isch-
emia and a propensity toward the onset of ventricular
arrhythmias (4). Under these conditions, myocardial dener-
vation preconditioned already by previous MI or repetitive
myocardial ischemia would attenuate the reflex sympatho-
excitation (8,11) and help to protect the myocardium from
further augmentation of ischemia. There is already clinical
evidence for the concept that cardiac sympathetic denerva-
tion can reduce the incidence of life-threatening arrhyth-
mias (20). In a randomized clinical trial in high-risk patients
who had an MI, left cardiac sympathetic denervation reduced
the two-year incidence of sudden death from 21% to 3.5%.
When myocardial ischemia is severe, baroreceptor reflexes
Figure 1. Polar map of iodine-123 metaiodobenzylguanidine (123I-MIBG) images and three-dimensional diagram of wavelet analysis of RR interval
variability in two representative patients with severe myocardial ischemia provoked during balloon coronary occlusion (BCO). These patients had a
substantial fall in left ventricular ejection fraction (10%) by BCO. In the patient without cardiac denervation (left), the low frequency (LF) components
began to rise at 60 s and reached a peak at 100 s after balloon inflation. Similar augmentation of the LF components was found during BCO in the
patient with cardiac denervation (right). Inf  balloon inflation; Def  balloon deflation.
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could become dominant, resulting in sympathetic activation,
independent of the degree of sympathetic denervation. In
addition, the increase in LV filling pressure caused by severe
myocardial ischemia could elicit a sympatho-sympathetic
reflex through activation of sympathetic efferent fibers
mechanically (21).
Study limitations. The heterogeneity of the patients could
affect the results of the present study. Most of the patients
with cardiac sympathetic denervation had a previous MI,
which might provoke a less severe myocardial ischemia
during BCO. To exclude the different effect of the grade of
myocardial ischemia, we compared the LF components
among patients with similar ischemic insults, as reflected by
a deterioration of LVEF. If the ischemia provoked was not
severe, cardiac denervation attenuated the sympathoexcit-
atory response to myocardial ischemia. Although statistical
difference was not found in the distribution of the affected
vessels between the two groups, a higher proportion of
target lesions in the LAD in patients with cardiac denerva-
tion might influence the result. Generally, reflex sympatho-
excitation is stronger with anterior wall myocardial ischemia
(22), as shown by augmentation of LF components ob-
served in all patients without denervation. Nevertheless, this
reflex was clearly attenuated when the anterior wall had
already been denervated in patients with mild myocardial
ischemia. Therefore, the heterogeneity of target lesions
probably had little effect on the present conclusions.
The criteria of cardiac sympathetic denervation that we
used were based on the variation of 123I-MIBG counts
measured in normal subjects. However, it is unknown
Figure 2. Polar map of 123I-MIBG images and three-dimensional diagram of wavelet analysis of RR interval variability in two representative patients with
mild myocardial ischemia provoked during BCO. These patients had a fall in LVEF (10%) by BCO. The LF components were augmented in the patient
without cardiac denervation (left), whereas no change in the spectral components was found in the patient with cardiac denervation (right). Abbreviations
as in Figure 1.
Table 2. Effects of BCO on Power Spectral Components of RR Intervals Determined With Wavelet Analysis
Denervation () Denervation ()
Baseline BCO Change (%) Baseline BCO Change (%)
HF (103 ms2/Hz) 80  104 95  95 52  128 83  86 123  200 32  101
LF (103 ms2/Hz) 301  289 1,045  1324*† 273  203 383  415 387  395 34  112‡
LF/HF 5.7  3.8 10.0  6.3* 106  134 6.3  5.1 7.3  9.0 8  70
*p  0.05 vs. baseline. †p  0.05 vs. denervation () during BCO. ‡p  0.05 for interaction in two-way analysis of variance. Data are presented as the mean value  SD.
BCO  balloon coronary occlusion; HF  high-frequency component; LF  low-frequency component.
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whether the cut-off level of 52% could faithfully reflect the
actual denervated condition of the heart. Nonetheless, the
cardiac denervation assessed by these criteria correlated well
with the defect of the sympathoexcitatory response to acute
myocardial ischemia. This finding could support the feasi-
bility of the denervation criteria employed in the present
study.
Conclusions. The wavelet analysis of RR interval variabil-
ity during brief periods of BCO clearly showed a dynamic
profile of the sympathoexcitatory response in humans. Not
only the severity of myocardial ischemia, but also the cardiac
sympathetic denervation modified the sympathoexcitatory
response to myocardial ischemia. Further studies are war-
ranted to examine whether cardiac denervation could pre-
vent the ischemia-related serious arrhythmias in clinical
settings, through attenuation of the sympatho-sympathetic
cardiac reflex.
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